Introduction
============

Blastic plasmacytoid dendritic cell neoplasm (BPDCN) is a rare malignancy derived from plasmacytoid dendritic cells and is classified among acute myeloid leukemias by the 2008 World Health Organization (WHO). BPDCN is associated with a poor prognosis with a median overall survival of 8--12 months in the largest series of patients.^[@b1-1021861]--[@b3-1021861]^ The diagnosis is made from the typical cutaneous lesions that rapidly progress (90%) to bone marrow and extramedullary sites. The diagnosis is mainly based on histopathological and phenotypic characterization of blastic cells in the peripheral blood or bone marrow expressing the following markers CD123, BDCA2 (CD303), BDCA4 (CD304) and TCL1 as analyzed by flow cytometry.^[@b1-1021861]--[@b3-1021861]^

There is currently no consensus regarding optimal treatment modalities. Classical treatments such as CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) regimens show disappointing results.^[@b4-1021861]^ While intensive chemotherapy regimens (including those for acute myeloid leukemia and acute lymphoblastic leukemia) followed by allogeneic hematopoietic cell transplantation have been reported to improve the survival beyond 30 months in young patients,^[@b5-1021861]--[@b10-1021861]^ elderly patients are not eligible for this approach. Altogether, this makes it necessary to evaluate new therapeutic strategies.

Recently, Sapienza *et al*. demonstrated a constitutive activation of the nuclear factor-kappa B (NF-κB) pathway in primary BPDCN cells which represents a potential therapeutic target.^[@b11-1021861]^ Using the proteasome inhibitor bortezomib, known to inhibit NF-κB activation,^[@b12-1021861]^ these authors demonstrated that treatment of the BPDCN cell line CAL-1 inhibits cell proliferation and induces a significant cytotoxic effect. More recently, Ceroi *et al*. confirmed this cons titutive activation of the NF-κB pathway in other primary BPDCN cells and demonstrated the induction of apoptosis of BPDCN cell lines (CAL-1 and GEN2.2) *in vitro* in response to the NF-κB p65 inhibitor, JSH23.^[@b13-1021861]^ Overall, targeting the NF-κB pathway by bortezomib would represent a promising, easily available therapeutic option for BPDCN patients if its efficacy were to be confirmed *in vitro* using primary BPDCN samples and *in vivo* in a preclinical BPDCN model. This was the goal of our work.

Methods
=======

Patients' cells, cell lines and culture
---------------------------------------

Two human BPDCN cell lines (CAL-1, Dr. Maeda, Nagasaki University, Japan and GEN 2.2, patent \#0215927, EFS, France)^[@b14-1021861],[@b15-1021861]^ and samples from seven BPDCN patients (*Online Supplementary Table 1*) from our French national network (authorization \#DC2016-2791) fully diagnosed as BPDCN by their phenotype (CD123^+^, CD56^+^, CD123^+^, CD303^+^, CD304^+^, TCL1^+^)^[@b1-1021861],[@b16-1021861]--[@b18-1021861]^ were used. This study was approved by the Besançon local ethic committee (CPPEST II, Besançon, France).

Primary blastic plasmacytoid dendritic cell neoplasm cell xenograft model
-------------------------------------------------------------------------

NOD/SCID/IL2Rγc-deficient (NSG) mice (6 to 8 weeks of age, The Jackson Laboratory, Sacramento, CA, USA) were irradiated (2.5 Gy) and inoculated intravenously with 2×10^6^ primary BPDCN cells from patient \#127. Mice were treated with bortezomib (0.25 mg/kg, intraperitoneally) once or twice a week for 2 or 4 weeks. Engraftment and quantification of the BPDCN cell line are described in the *Online Supplement*. These procedures were carried out in accordance with the guidelines for animal experimentation according to an approved protocol (protocol 11007R, Veterinary Services for Animal Health & Protection, issued by the Ministry for Agriculture, Paris, France).

Drugs
-----

Bortezomib was tested at different concentrations from 10 to 75 nM for *in vitro* evaluation, as previously described,^[@b11-1021861]^ and at 20 nM when associated with other drugs. BPDCN cells were cultured at 10^6^ cell/mL in RPMI-1640 glutamax medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal calf serum (Invitrogen) and 1% penicillin/streptomycin (PAA Laboratoires, Vélizy-Villacoublay, France) at 37°C under 5% CO~2~ for 24 or 48 h (*Online Supplement*). Bortezomib was injected intraperitoneally into mice at a dose of 0.25 mg/kg. The NF-κB p65 inhibitor, JSH-23 (Calbiochem-EMD Biosciences, Inc, San Diego, CA, USA) was used as a control at a dose of 40 mg/kg. Others drugs tested are described in the *Online Supplement*.

Cytotoxicity, proliferation and cell cycle assay by flow cytometry
------------------------------------------------------------------

A panel of monoclonal antibodies against CD123, CD45, CD56 and BDCA4 was used to gate BPDCN cells (*Online Supplement*). BPDCN cells from seven patients and BPDCN cell lines (CAL-1, GEN2.2) were incubated at 10^6^ cells/mL at 37°C in 5% CO~2~ with bortezomib at various concentrations (10 -- 50 nM) for 24 or 48 h. The cytotoxic effects of drugs were evaluated *in vitro* using annex-in-V and 7-amino actinomycin D (AV/7AAD, Beckman Coulter, Roissy, France) staining and flow cytometry.^[@b13-1021861],[@b19-1021861]^ Cells were labeled by Dye eFluor^®^ V450 (Ebioscience, San Diego, CA, USA) to assess cell proliferation.^[@b13-1021861]^ The percentage of cells in subG1, G1, S and G2 cell cycle phases was evaluated using CXP and MultiCycle software (Beckman Coulter).^[@b13-1021861]^

Nuclear factor-kappa B pathway activation
-----------------------------------------

CAL-1 cells or PDX (patient derived xenograft) cells obtained *in vivo* from blood of mice, after treatment with bortezomib for 6 h followed by stimulation with a TLR7 agonist (R848, 1 μg/mL, Invivogen, Toulouse, France) for 45 min were investigated by phospho-flow staining using phosphorylated-NF-κB subunit RelA (pRelA) staining, as described as described in the *Online supplement*.

Statistical analysis
--------------------

Statistical analyses were performed using the Student *t*-test or the Mann-Whitney test (GraphPad Prism software 5.0c, San Diego, CA, USA) (*Online Supplement*).

Results
=======

Bortezomib is cytotoxic against blastic plasmacytoid dendritic cell neoplasm cell lines and primary cells
---------------------------------------------------------------------------------------------------------

Treatment of CAL-1 cells with bortezomib for 24 h (n=5, 50 nM) markedly decreased cell proliferation (from 51.7±7% to 16.8±7.9%, *P*\<0.001) ([Figure 1A](#f1-1021861){ref-type="fig"}) and cell survival (from 89.2±1.5% to 26.6±6.5%, *P*\<0.001) ([Figure 1B](#f1-1021861){ref-type="fig"}). After 48 h of treatment with bortezomib (50 nM), cell proliferation was also significantly reduced from 43.4±9.8% to 22.4±9.4% (n=4, *P*\<0.001) ([Figure 1A](#f1-1021861){ref-type="fig"}) and viability was significantly decreased (from 51.7±7% to 16.8±7.9%) ([Figure 1B](#f1-1021861){ref-type="fig"}). Bortezomib treatment (30 nM) induced robust cytotoxicity *in vitro*, similarly to SL-401 (used as the positive control) (*P*\<0.01) ([Figure 1C](#f1-1021861){ref-type="fig"}). Similar data showing significant bortezomib-induced cytotoxity were also obtained for the GEN2.2 BPDCN cell line and primary BPDCN cells from seven different patients ([Figure 1C](#f1-1021861){ref-type="fig"}). Moreover, exposure of CAL-1 cells to bortezomib induced a significant accumulation of BPDCN cells in the G2 phase of the cell cycle (from 5.8±1.4% to 24.1±3.02% at 24 h, n=4, *P*\<0.05) ([Figure 1D,E](#f1-1021861){ref-type="fig"}). These data were confirmed using primary cells isolated from patients and treated *in vitro* with bortezomib \[patient \#25 (n=2) and patient \#127 (n=1)\] ([Figure 1D](#f1-1021861){ref-type="fig"}). Subsequently, CAL-1 cells underwent apoptosis, as attested by an increase of cell arrest in the subG1 phase (from 18.8±7.3% to 60.8±7.6% at 24 h, n=4, *P*=NS) ([Figure 1D](#f1-1021861){ref-type="fig"}). Overall, this demonstrates that, *in vitro*, bortezomib inhibits BPDCN cell proliferation and induces cell death.

![Bortezomib inhibits cell proliferation and survival of blastic plasmacytoid dendritic cell neoplasm cell lines and primary cells. Results are expressed as percentage ± SEM of (A) proliferation using the Dye eFluor^®^ V450 dilution assay and (B) viable cells using AV^−^/7-AAD^−^ staining of the CAL-1 cell line treated with bortezomib (10 -- 50 nM) for 24 h (black) and 48 h (gray) (n=4). Untreated CAL-1 cells were arbitrarily assigned a value of 100%. (C) Percentage ± SEM of viable GEN 2.2 cells (n=3), CAL-1 (n=6) cells and primary BPDCN cells from seven patients was determined after incubation with bortezomib (30 nM), or SL-401 (365 pM) for 24 h. Untreated cells were considered as 100% viable. (D) One representative histogram showing the percentage of CAL-1 cells and primary cells from two patients (patient \#25 and patient \#127) in the different phases of the cell cycle: G1, S and G2 after treatment or not with bortezomib at 10 or 30 nM for 24 h. (E) Percentage of cells in the G2 phase in the CAL-1 cell line after treatment or not with bortezomib (10--50 nM) for 24 h (n=4). Histograms represent the mean ± SEM of four independent experiments, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 between bortezomib and untreated cells. (F) Percentage of viable CAL-1 (n=3) and GEN2.2 (n=3) cells after incubation with bortezomib (B, 20 nM) in association with: idarubicin (I) at 0.03 μM, dexamethasone (D) at 0.637 mM, vorinostat (S) at 1.25 μM, statins, such as pravastatin (P) and simvastatin (Sim) at 5 μM and 5-azacytidine (5-Aza) at 4 μM. Histograms represent the mean ± SEM of three independent experiments. \**P*\<0.05, \*\**P*\<0.01.](1021861.fig1){#f1-1021861}

Bortezomib inhibits nuclear factor-kappa B pathway activation in blastic plasmacytoid dendritic cell neoplasm cells
-------------------------------------------------------------------------------------------------------------------

While bortezomib is a proteasome inhibitor with well-known anti-NF-κB properties and was used to treat BPDCN CAL-1 cells,^[@b11-1021861]^ inhibition of the NF-κB pathway in primary BPDCN cells was not demonstrated. Treatment of BPDCN cells with bortezomib (75 nM, 24 h) decreased R848-induced RelA phosphorylation in CAL-1 cells from 91.8±2.6% to 71 ±1.6% (n=4, *P*\<0.05), in GEN 2.2 cells from 97.5±0.2% to 19.8±4.4% (n=3, *P*\<0.05), and in five different primary BPDCN cells (\#24, \#25, \#127, \#66, \#38) from 79.9±7.23% to 61.6±3.41%. The percentage of BPDCN cells (CAL-1, GEN 2.2 and BPDCN \#66) exhibiting reduced pRelA expression increased after bortezomib treatment (from 6.9% to 29.5%, −11.4% to 63.4% and −8.2% to 27.1%, respectively, after treatment with bortezomib 75 nM) ([Figure 2A](#f2-1021861){ref-type="fig"}). Moreover, pRelA analysis by confocal microscopy revealed a decrease of pRelA nuclear translocation in CAL-1 cells associated with a cytoplasmic retention of pRelA after bortezomib treatment (50 nM, 6 h, n=3) ([Figure 2B](#f2-1021861){ref-type="fig"}). Similar results were also observed with the GEN 2.2 cell line (19±1% to 2±0.05%, n=3; *data not shown*).

![Bortezomib inhibits the nuclear factor-kappa B signaling pathway in blastic plasmacytoid dendritic cell neoplasm cell lines and primary cells. (A--B) BPDCN cell lines (GEN 2.2 and CAL-1 cells, n=3) and primary BPDCN cells from a patient were incubated with bortezomib (50 nM and 75 nM) or vehicle for 6 h before TLR7 stimulation for 45 min (R848, 1 μg/mL). One representative example of intracellular expression of NF-κBp-65 evaluated in CAL-1, GEN 2.2 cell lines and in primary BPDCN cells from patient \#66 were analyzed by (A) flow cytometry and by (B) confocal microscopy in the CAL-1 cell line.](1021861.fig2){#f2-1021861}

Association of bortezomib with others drugs increases its cytotoxic effect
--------------------------------------------------------------------------

Since limited treatment efficiency has been reported for BPDCN and no consensus exists on treatment modality, associations of bortezomib with other drugs were tested. Idarubicin was used since this drugs exerts potent *in vitro* cytoxicity on BPDCN,^[@b19-1021861]^ but idarubicin was used at a nontoxic concentration (0.03 μM). Since BPDCN has been shown to exhibit altered cholesterol metabolism,^[@b13-1021861]^ inhibitors of cholesterol synthesis (statins) were also tested. The viability of BPDCN cell lines (CAL-1 and GEN 2.2) treated with bortezomib (20 nM, a non-cytotoxic concentration) in association with other drugs was evaluated at 24 h ([Figure 1F](#f1-1021861){ref-type="fig"}). The viability of CAL-1 cells was 51.2±4.8% (n=3) after treatment with suberoylanilide hydroxamic acid (SAHA) alone and decreased to 26.1±2.6% when bortezomib and SAHA were associated together. The viability of CAL-1 cells (n=3) was 61.6±2% with idarubicin alone and decreased to 10.8±3.1% when bortezomib and idarubicin were associated together. In the same way the viability of CAL-1 cells (n=3) was 50.1±1.8% with simvastatin alone and 91.1±1.7% with pravastatin alone and decreased to 16.3±3.4% or to 13.9±1.1% when bortezomib and simvastatin or pravastatin were associated together. The viability of CAL-1 cells (n=3) was 87.03±0.73% with 5-azacytidine alone and decreased to 47.9±0.85% when bortezomib and 5-azacytidine were associated together. Only the association of bortezomib with dexamethasone (65.7±14.4% to 78.8±5.1%) did not induce a synergistic effect. The viability of GEN 2.2 cells (n=3) was 83.2±0.7% after treatment with SAHA alone and decreased to 5.9±0.6% when bortezomib and SAHA were associated together. The viability of GEN 2.2 cells (n=3) was 68.3±5.4% after treatment with idarubicin alone and decreased to 0.16±0.03% when bortezomib and idarubicin were associated together (*P*\<0.01). The viability of GEN 2.2 cells (n=3) was 19.1±1.3% after treatment with simva statin alone or 82±1.7% with pravastatin alone and decreased to 6±3% or to 8.5±1.5% when bortezomib and simvastatin or pravastatin were associated together. The viability of GEN 2.2 cells (n=3) was 68.6±4.3% after treatment with dexamethasone alone and decreased to11.8±0.6% when bortezomib and dexamethasone were associated together. The viability of GEN 2.2 cells (n=3) was 37.66±1.38% after treatment with 5-azacytidine alone and decreased to 1.4±0.3% when bortezomib and 5-azacytidine were associated together. Thus, the association of bortezomib with idarubicin, SAHA, 5-azacytidine or statins increases the cytotoxic effect of the proteasome inhibitor on the two BPDCN cell lines.

Luciferase-expressing CAL-1 cell xenograft in mice to assess antitumor efficacy
-------------------------------------------------------------------------------

In a xenograft model using the CAL-1 cell line, wild-type leukemic cells remained faintly detectable in mouse blood.^[@b20-1021861]^ We, therefore, developed a Luc^+^ CAL-1 cell line to assess leukemic cell proliferation by non-invasive imaging of the luminescent leukemic cells allowing the monitoring of disease progression by bioluminescence. Luciferase-expressing CAL-1 cells obtained after retroviral transduction with a Luc-retroviral vector carrying luciferase (Luc^+^) and neomycin resistance (NeoR) genes were injected into NOG mice to develop a BPDCN xenograft mouse model. While disease progression was undetectable in the blood, injection of 0.5, 1 or 5×10^6^ Luc^+^ CAL-1 cells into NOG mice provided a rapidly detectable total body bioluminescent imaging (BLI) signal ([Figure 3A](#f3-1021861){ref-type="fig"}). Indeed, BLI signals were first detectable in the group injected with 5×10^6^ at day 6, and at day 8 in the groups injected with 1×10^6^ or 0.5×10^6^ cells. By day 15, all mice that received 5×10^6^ Luc^+^ CAL-1 cells were dead from leukemic progression. They developed paralysis of the lower limbs. The other six mice from groups given 0.5×10^6^ and 1×10^6^ cells were euthanized on day 15 and tissue infiltration was evaluated by BLI ([Figure 3B](#f3-1021861){ref-type="fig"}). Luc^+^ CAL-1 cell infiltration was detectable in the bone marrow, spleen, lungs and liver whereas it remained undetectable in the lymph nodes, kidneys, pancreas, ovary and spinal cord. After sacrificing the mice, immunostaining of the spleen and bone marrow confirmed the presence of cells with a BPDCN phenotype (human CD45^+^, murine CD45^−^, CD56^+^, CD123^+^, BDCA4^+^) ([Figure 2C](#f2-1021861){ref-type="fig"}) and cytological analysis showed, as previously described,^[@b21-1021861]^ large cells with blastic round or convoluted nuclei with slightly condensed chromatin, several nucleoli and a basophilic cytoplasm ([Figure 3D](#f3-1021861){ref-type="fig"}). This model can be evaluated to assess the *in vivo* antitumor efficacy of bortezomib directly.

![Development of a luciferase-expressing CAL-1 cell xenograft model. Luc^+^ CAL-1 cells (0.5, 1 or 5×10^6^) were injected intravenously into NOG mice and animals were imaged at days 6, 8, 12, and 15 after the xenograft. Luciferin was administered and images were obtained by integrating the bioluminescent signal. (A) *In vivo* kinetics of tumor cell growth following the Luc^+^ CAL-1 cell xenograft. A pseudocolor luminescent image from blue (least intense) to red (most intense) is depicted. (B) Representative analysis of bioluminescent organs at sacrifice at day 15 after the xenograft. This mouse was injected with 0.5×10^6^ Luc^+^ CAL-1 cells. (C) One representative example of the immunostaining of circulating peripheral blood mononuclear cells performed at day 6 after engraftment. Murine cells (green) and human BPDCN cells (red) are distinguishable based on specific human or murine CD45 antibody expression. Human BPDCN cells express CD56, CD123, and BDCA4. (D) Analysis of circulating cells from blood (left) and spleen cells (right) after May Grünwald Giemsa staining (standard MGG, magnification ×1000). These cells were obtained at sacrifice from a mouse inoculated with Luc^+^ CAL-1 cells.](1021861.fig3){#f3-1021861}

*In vivo* efficacy of bortezomib against primary blastic plasmacytoid dendritic cell neoplasm
---------------------------------------------------------------------------------------------

In order to assess the *in vivo* efficacy of bortezomib treatment in another way, a xenograft model was developed using primary BPDCN cells isolated from a patient. Weekly injections of bortezomib (4 weeks) significantly increased the overall survival of mice grafted with primary BPDCN cells compared to that of the same mice treated with phosphate-buffered saline (66±13 days *versus* 42±1 days, *P*\<0.001). Twice-weekly injections of bortezomib further increased the overall survival of mice (77±11 days, *P*\<0.001, n=3--4 mice/group in 2 independent experiments) ([Figure 4A](#f4-1021861){ref-type="fig"}). Circulating human BPDCN cells identified in murine blood as human CD45^+^, CD123^+^, BDCA4^+^, CD4^+^, CD56^+^ cells decreased from 2640±220 cells/μL (phosphate-buffered saline control mice) to 680±298 cells/μL or 622±158 cells/μL (weekly or twice-weekly bortezomib-treated mice, respectively) at 5 weeks (*P*\<0.01) ([Figure 4B,C](#f4-1021861){ref-type="fig"}). We also monitored hemoglobin and platelet counts in mice to assess leukemic cell bone marrow infiltration without observing any major cytopenia in any conditions (*data not shown*). Thus, in this *in vivo* model, bortezomib extended mouse survival and reduced circulating blast cells. Furthermore, using measurements of mean fluorescent intensity ratio (MFIR), we confirmed *in vivo* that PDX cells (patient \#127) extracted from the blood of mice treated with bortezomib for 6 h exhibited significantly reduced pRelA expression after bortezomib treatment (mean of MFIR: 3.2±1.1) compared to pRelA expression of PDX cells from untreated mice (mean of MFIR: 6.35±2.4). This *in vivo* inhibition of pRelA after bortezomib treatment was similar to that obtained with JSH23 treatment (mean of MFIR: 3.6±1.2) ([Figure 2C](#f2-1021861){ref-type="fig"}).

![Bortezomib treatment is efficient at controlling tumor growth in a xenograft model using primary blastic plasmacytoid dendritic cell neoplasm cells. NSG mice were irradiated (2 Gy) and then inoculated intravenously with 1×10^6^ to 2×10^6^ primary BPDCN cells from patient \#127 on day 0. Treatment was started on day 100 (J1) after the graft with bortezomib (0.25 mg/kg/mouse intraperitoneally) given one or twice weekly for 4 weeks (n=7 and n=4 mice, respectively). Mice injected with phosphate-buffered saline (PBS) over the 4 weeks were used as the control (n=3). (A) Overall survival of BPDCN inoculated-mice treated with bortezomib (dotted line) or with PBS (solid line) is shown. (B) One example of the immunostaining of peripheral blood performed at day 89 after engraftment. Murine cells (blue) and primary BPDCN (red) cells are distinguishable based on specific human or murine CD45 antibody expression. Human BPDCN cells express CD123, BDCA4, and CD4. (C) Mean of BPDCN cell counts in the blood of mice following treatment with bortezomib (dotted line) or PBS (solid line). (\**P*\<0.05 and \*\*\**P*\<0.001). Intracellular expression of pRelA (pS529 NF-κB p65) was evaluated in PDX cells (BPDCN patient \#127) obtained in mouse blood at day 1 and day 15 after *in vivo* treatment with bortezomib (0.25 mg/kg/mouse intraperitoneally) for 6 h (n=3 mice). JSH23 was used as a positive control (40 mg/kg, n=3 mice) and PBS (control, n=3 mice) as a negative control. PDX cells were stimulated *ex vivo* with TLR7 for 45 min (R848, 1 μg/mL) before staining. (D) Representative examples of intracellular expression of pRelA and isotype control staining after *ex vivo* TLR7 stimulation in these different conditions. (E) This histogram represents the mean fluorescence intensity ratio (MFIR) ± SEM of intracellular NF-κBp-65 in PDX cells obtained after treatment with bortezomib on day 1 and day 15, \**P*\<0.05, \*\**P*\<0.01. NS: unstimulated; S: stimulated with R848. The MFIR was obtained by dividing the mean fluorescence intensity (MFI) obtained with the anti-NF-κBp-65 antibody by the MFI of the respective isotype control antibody.](1021861.fig4){#f4-1021861}

Discussion
==========

BPDCN is an aggressive hematodermic neoplasia with a short-term survival.^[@b2-1021861],[@b4-1021861]^ As there are no data supporting a particular regimen for this acute leukemia, treatments vary from chemotherapy based on a single agent used in B-cell lymphoma^[@b4-1021861],[@b8-1021861]^ to poly-chemotherapy regimens similar to those given to patients with high-risk acute lymphocytic or acute myeloid leukemia,^[@b9-1021861],[@b22-1021861]^ and allogeneic hematopoietic cell transplantation for consolidation.^[@b7-1021861],[@b10-1021861],[@b23-1021861]--[@b25-1021861]^ New approaches using more targeting therapies are needed for the majority of BPDCN patients unable to receive intensive chemotherapy regimens because of a median age of around 70 years at diagnosis.^[@b2-1021861],[@b4-1021861]^ Bortezomib is a first-generation proteasome inhibitor approved by the Food and Drug Administration for the treatment of refractory multiple myeloma and mantle cell lymphoma.^[@b26-1021861]^ The efficacy of bortezomib is governed by its capacity to inhibit the NF-κB pathway, which plays an important role in the pathophysiology of BPDCN. Hira*i et al*. showed that bortezomib suppresses the survival and immunostimulatory functions of non-leukemic plasmacytoid dendritic cells by targeting intracellular trafficking of nucleic acid-sensing Toll-like receptors and altering endoplasmic reticulum homeostasis.^[@b27-1021861]^ Using a genomics approach, Sapienza *et al*. showed that the NF-κB pathway is aberrantly activated in BPDCN, and they reported inhibition of the cell cycle progression and survival of CAL-1 cells after bortezomib treatment.^[@b11-1021861]^ The percentage of viable CAL-1 cells decreased significantly by more than 50% when the cells were treated with 30 nM bortezomib for 24 h.^[@b11-1021861]^ We recently confirmed constitutive NF-κB activation in BPDCN cells with upregulation of the NF-κB p105 precursor-coding gene (*NFKB1*) in 12 primary BPDCN samples and demonstrated that inhibition of NF-κB p65 subunit translocation by the specific inhibitor JSH-23 is sufficient to induce BPDCN cell death *in vitro*.^[@b13-1021861]^ Here, our study confirmed *in vitro* that two BPDCN cell lines (CAL-1 and GEN2.2) and seven primary samples from BPDCN patients are sensitive to bortezomib treatment in terms of cell cycle arrest, cell proliferation inhibition, and cell death induction. Bortezomib has been shown to induce G2/M cell cycle arrest in different tumor cell models.^[@b28-1021861],[@b29-1021861]^ We confirmed that exposure of CAL-1 and GEN2.2 cells to bortezomib caused a significant accumulation in the G2 phase and in sub-G1 phase (related to apoptotic cells). Furthermore, we demonstrated for the first time in a mouse model that *in vivo* treatment using bortezomib decreases pRelA. These results reinforce published data from Sapienza *et al*. obtained in the CAL-1 cell line.^[@b11-1021861]^ Moreover, we were able to show that bortezomib is effective *in vivo* at extending the survival of a primary BPDCN xenograft model. In this model, bortezomib − infused twice weekly for 4 weeks − increased survival for at least 6 additional weeks. Bortezomib is not a "conventional" cytotoxic agent and is used, for example, in multiple myeloma.^[@b31-1021861],[@b32-1021861]^ For instance, synergistic effects with dexamethasone^[@b30-1021861]^ and histone deacetylase inhibitors^[@b31-1021861],[@b32-1021861]^ have been previously reported. In multiple myeloma, bortezomib is currently used in association with thalidomide and dexamethasone.^[@b33-1021861]^ In our hands, we observed an *in vitro* synergistic effect of bortezomib and a histone deacetylase inhibitor (SAHA), idarubicin, simvastatin and 5-azacytidine in CAL-1 and GEN2.2 cells lines. Recently, Ceroi *et al*. demonstrated that cholesterol homeostasis is modified in BPDCN cells: cholesterol accumulation within leukemic cells is responsible for these cells' high proliferative properties and can be normalized by treatment with LXR agonists.^[@b13-1021861]^ LXR stimulation in BPDCN exerts an anti-leukemic effect that can be enhanced by increasing cholesterol efflux. Cholesterol dependency of BPDCN cells was confirmed, since inhibition of the mevalonate pathway (*i.e*., cholesterol synthesis) by atorvastatin was sufficient to induce significant BPDCN cell death. Here, we extend these data. Indeed, we observed an important effect of statins against BPDCN cell lines and a synergistic effect with bortezomib mainly when associated with statins. Kim *et al*. recently observed a similar effect with simvastatin in combination with bergamottin − an inhibitor of some cytochrome P450 isoforms − that potentiates apoptosis through modulation of the NF-κB signaling pathway in human chronic myelogenous leukemia.^[@b34-1021861]^ These results suggest that statins could be a new approach for BPDCN treatment in combination with bortezomib.

In the CAL-1 xenograft model, engraftment is not clearly detectable in blood early after infusion, and we, therefore, developed another model to track BPDCN cells easily using evaluation of luciferase-expressing BPDCN cells by measuring the BLI signal. Luc^+^ CAL-1 cells were preferentially detectable in the bone marrow, spleen, lungs and liver as described in BPDCN patients who exhibit BDPCN cell involvement in many tissues, including the spleen, liver, central nervous system, tonsils, mucous membranes, lungs, kidneys, and muscle.^[@b3-1021861]^ Nevertheless, the xenograft model using primary BPDCN cells revealed that bortezomib treatment induced a significant (up to 2-fold) increase of mouse survival with a significant reduction of circulating BPDCN cells.

Although current treatment regimens for BPDCN can achieve complete responses, many patients relapse, even after allogeneic hematopoietic cell transplantation, underscoring the need for novel therapeutics. Bortezomib is effective at killing BPDCN cells *in vitro* and exerts an anti-leukemic effect in a xenograft mouse model of primary BPDCN. Given its low toxicity, it could be used in combination with other drugs, such as 5-azacytidine or simvastatin, in maintenance for several cycles of treatment to improve the response in elderly patients who cannot benefit from allogeneic hematopoietic cell transplantation. Several compounds of this proteasome inhibitor family are currently under development. Recently, carfilzomid, an irreversible and selective proteasome inhibitor, has shown superiority compared to bortezomib in a phase III myeloma clinical trial.^[@b35-1021861]^ Moreover, ixazomib is an orally bioavailable, reversible proteasome inhibitor, approved in combination with lenalidomide and dexamethasone for the treatment of patients with multiple myeloma.^[@b36-1021861]^ These molecules should be tested against BPDCN cells alone, or rather in combination with others drugs, such as hypomethylating agents like 5-azacytidine (tested here), which shows promising effects on patients with refractory acute myeloid leukemia,^[@b37-1021861]^ simvastatin (tested here), or lenalidomide, which has demonstrated efficacy in a xenograft mouse model of human BPDCN.^[@b20-1021861]^ The synergistic effect of these molecules can be evaluated in PDX mouse models.

In conclusion, our preclinical results provide a rationale for the use of bortezomib in combination with classical chemotherapy for the treatment of BPDCN patients. A prospective clinical trial combining proteasome inhibitor with cytotoxic drugs should now be performed to prospectively validate these results.
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